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STUDY  OF  THE  KINETICS  CF  THE  REACTION 
BETWEEN  IlUNiUM,  H2,  ^  ANiJ 


Harry  Svec  and  Rrederiok  R.  Diike 
ABSTB-AGT 


The  kinetics  of  the  reactions  between  nrariur/i  iri'^tal,  H2,  HD  and  D2 
have  been  examined*  There  is  strong  evidence  that  the  reaction  involves 
several  steps  of  which  activated  adsorption  of  the  gas  by  the  metal  is 
the  rate  governing  process*  Rate  constants  hove  been  dptermined  for  the 
over-all  processes  in  the  temperature  range  27*5^bo  centigrade* 
Energies  of  activation  which  are  of  reasonable  magnitude  have  been  calcu- 
lated  being  10,200  calories  for  the  process  involving  Do,  8,500  calories 
for  the  process  involving  HD  and  8,200  calories  for  the  process  involving 
Ho*  From  a  consideration  of  the  zero  point  energies  for  these  three 
molecular  species  of  hydrogen,  these  results  folia??  in  the  right  order. 
However  because  of  the  adsorption  step  and  since  it  is  not  possible  to 
determine  the  beat  of  adsorption  it  is  impossible  to  vState  that  the 
observed  activation  energies  are  the  true  activation  energies.  Since  the 
heat  of  adsorption  during  the  process  must  be  considered  in  the  final 
interpretation  of  the  results,  the  true  activation  energi.es  are  probably 
less  positive  than  those  observed.  The  adsorption  step  in  the  processes 
also  accounts  for  the  fact  that  the  ratios  of  the  ratevS  of  the  reaction?, 
which  may  be  expected  to  differ  inversely  as  the  square  roots  of  the  re¬ 
duced  masses  of  the  gas  molecules,  deviate  somewhat  from  the  theoretical 
values. 

Heterogeneous  reactions  such  as  those  reported  in  this  thesis  do  not 
lend  themselves  readily  to  kinetics  experiments.  Because  of  the  reactiv¬ 
ity  of  the  uranium-hydrogen  system  it  was  not  possible  to  determine  to 
what  extent  the  heat-  of  adsorption  enters  into  the  values  obtained  for 
the  observed  activation  energies.  However  other  metal-hydrogen  systems 
which  do  not  interact  so  rapidly  should  better  lend  themselves  to  studies 
of  this  nature.  It  should  then  be  possible  to  separate  the  adsorption- 
step  from,  the  reaction-step  and  thereb3?'  obtain  the  true  activation  ener¬ 
gies. 


INTRODUCTION  AND  HISTORICAL  WNIW 


To  test  w’hether  o:r  not  the  hydrogcr;  mass  spectrometers  could  be  ap¬ 
plied  in  physical  cheEiical  rOsSearch  it  was  decided  to  examine  the  reaction 
between  uranium  metal  and  the  three  different  isotopic  constituents  of 


This  report  covers  Part  HI  of  a  FhB  thesis  by  IHirry  J,  Svec 


hycirogen  gas;  namely  H2,  HD  and  02^  For  purposes  of  clarity  from  now  on 
only  Biixtures  of  these  constituents  will  be  referred  to  as  hy^ll2£fS* 
When  the  opportunity  arises  to  refer  to  a  particular  molecular  species 
the  symbols  will  be  usedo  Should  it  be  necessary  to  refer  to  the  indi¬ 
vidual  isotopic  atoms  the  names  protium  and  deuterium  or  the  symbols  H 
and  D  will  be  used* 


It  has  been  reported  (l)  that  equilibrium  in  the  reaction  between 
uranium  and  hydrogen  is  attained  very  slowly «  Thus  under  suitable  reac¬ 
tion  conditions  it  should  be  possible  to  determine  the  reaction  rate  of 
only  the  forward  process  in  the  reaction  between  metal  and  gas®  Such  an 
experiment  may  be  performed  if  it  is  possible  to  observe  the  changes  in 
concentrations  of  the  constituents  in  hydrogen  after  the  gas  has  been 
allowed  to  react  with  uranium  for  a  short  period  of  timeo  An  apparatus 
in  which  the  experiment  could  be  performed  may  conceivably  be  a  large 
thermostated  vessel  containing  hydrogen  gas  a  section  of  which  contains 
uranium  metals  Some  kind  of  shutter  interposed  between  the  metal  and 
gas  that  prevents  reaction  between  the  two  would  make  it  possible  for  the 
reaction  to  be  allowed  to  proceed  only  at  the  discretion  of  the  experi¬ 
menter.  Such  a  device  presents  insurmountable  experimental  difficulties 
in  addition  to  the  errors  that  would  invariably  be  introduced  due  to  in¬ 
sufficient  opportunity  of  all  the  hydrogen  molecules  in  the  vessel  to 
react  with  or  even  come  in  contact  w3.th  uranium  metal  during  the  course 
of  the  experiment. 

A  more  feasible  methods,  one  which  lends  itself  readily  to  experiment, 
for  carrying  out  the  reactions  would  be  to  allow  hydrogen  to  pass  over 
uranium  metal  in  such  a  way  that  the  gas  molecules  have  a.  chance  to  react 
with  the  metal  for  a  short  time  and  then  are  transported  from  the  point 
of  reaction  to  a  place  in  the  apparatus  where  no  reaction  can  occur®  Such 
an  apparatus  would  consist  merely  of  a  gas  reservoir  connected  to  a  tube  in 
which  the  reaction  takes  place  to  which  is  connected  another  reservoir 
into  which  gas  molecules,  which  had  an  opportunity  to  react  but  did  not, 
pas  So  Thus  if  a  gas  molecule  did  not  react  with  the  metal  it  lacked  the 
necessary  energy  required  to  take  part  in  the  reaction.  •  From  an  obser¬ 
vation  of  the  rates  at  which  the  reactions  took  place  at  various  temper¬ 
atures  the  activation  energy  for  the  processes  could  be  calculated® 

To  insure  that  each  molecule  of  gas  had  a  chance  to  react  with  metal 
the  metal  surface  should  be  very  large.  Th3-S  requirement  is  best  met  by 
subdividing  the  metal  in  order  to  get  a  high  specific  surface.  Uranium 
metal  is  easily  converted  into  a  fine  povjder  by  first  forming  and  then 
decomposing  the  hydride.  By  having  a  great  excess  of  powdered  metal  8- 
vailable  for  reaction  the  processes  would  be  best  described  as  reactions 
of  first  order®  Thus  in  the  experiments  described  .in  this  section  of 
the  thesis  an  attempt  is  made  to  keep  the  rnetal  to  hydrogen  ratio  in 
terlms  of  moles  on  the  order  of  1000  to  one„ 


A  difference  in  t?ie  reactivities  of  the  HD  and  B2  with  uranium 
observed  in  the  course  of  the  experiments  may  be  expected  to  be  due  eS“" 
sentially  to  the  difference  of  their  zero-point  energies  (2) ,  Since  the 
zero-point  energies  differ  for  each  molecular  species  of  hydrogen  as  the 
square  root  of  their  reduced  masses  the  ratios  of  the  reaction  constants, 
kl  for  H2,  k2  for  PH)  and  k3  for  D2  may  be  expected  to  vary  inversely  as 
the  square  roots  of  th*^  reduced  masses  «  Hence  ki/k2  will  be  2  f  ffj2  or 
1.15;  kiA3  will  be  ■  2  /  1  or  1^413  snd  k2/k3  will  be  3/2  /  1  or  1.22 
Experimental  difficulties  may  be  expected  to  introduce  slight  differences 
in  these  ratios.  Should  the  differences  be  great  it  becomes  necessary 
to  determine  the  extent  of  other  effects  such  as  adsorption  upon  the  rate 
constants.  There  is  one  brief  mention  in  the  literature  (l)  of  a  study 
of  the  kinetics  involved  in  the  reaction  between  uranium  and  hydrogen. 

The  reaction  rate  was  observed  at  357^  centigrade  by  following  the  de¬ 
crease  of  the  hydrogen  pressure  as  the  gas  reacted  with  uranium.  A  rate 
constant  was  calculated  for  the  initial  rate  of  decrease  of  hydrogen  pres¬ 
sure.  A  comparison  of  the  reaction  rate  of  D2  with  H2  indicated  the  H2 
rate  to  be  about  four  times  that  of  D2*  A  description  of  the  experiments 
performed  by  the  author  follow  in  subsequent  sections  of  this  thesis. 

The  results  obtained  are  indicated  and  discussed. 


MATERIALS 


Materials  used  in  the  construction  of  the  apparatus  are  discussed  in 
a  later  section  of  this  thesis .  The  chemicals  used  in  the  experiments 
consisted  of  uranium,  ordinary  tank  hydrogen  and  deuterium  gas  labeled 
99.5  per  cent  deuterium. 


Uranium 

The  metal  was  obtained  in  the  form  of  turnings  which  were  cut  from 
uranium  produced  by  the  Ames  group  working  under  the  Manhattan  Project. 
While  no  actual  analyses  were  available  or  were  made  upon  the  material 
its  probable  constitution  is  tPiat  given  by  Spedding,  et.  al.  in  their 
report  (l)  on  the  formula  of  uranium  hydride.  For  use  in  subsequent  ex¬ 
periments  the  turnings  were  cut  into  fine  chips,  washed  with  dilute  nitric 
acid,  rinsed  with  distilled  water  and  acetone  and  dried  under  vacuum. 

These  chips  were  then  mixed  with  lO-mesh  fused  silica  powder,  which  had 
been  carefully  washed  with  boiling  concentrated  hydrochloric  acid,  rinsed 
with  distilled  water  and  acetone;  and  introduced  into  the  reaction  tube 
under  an  atmosphere  of  argon  which  was  kept  in  the  reaction  tube  at  all 
times  until  it  was  possible  to  evacuate  the  tube. 


Po^-vdered  uranium  was  formed  by  first  allowing  the  metal  chips  ^  heat¬ 
ed  to  250^  Co,  to  be  completely  converted  to  uranium  hydride  and  then 
decomposing  the  hydride  by  heating  to  450^  G*  while  constantly  evacuating 
the  gas  being  evolved «  After  about  two  hours  of  such  treatment,  iso» 
lation  of  the  reaction  tube  from  the  vacuum  system  and  heating  to  600^  C« 
produced  no  observable  pressure  change  in  the  tube*  From  this  fact  ix 
was  assumed  that  no  undecomposed  hydride  remained  in  the  reaction  tube* 


Hydrogen 

Ordinary  tank  hydrogen,  which  had  been  prepared  electrolytically , 
was  used  as  a  source  of  H2  in  the  experiments  under  discussion o  This 
material  had  been  assayed  many  times  using  the  3-2  mass  spectrometer  with 
the  HD/H2  ratio  determined  to  be  0*000116$!  Oo 000020  which  gives  a  D/H 
ratio  of  1*2  parts  in  20,000,  a  value  not  in  variance  with  other  reports 
(3,  4)  on  this  ratio*  Since  the  material  is  purified  before  being  mixed 
with  deuterium  no  other  attempts  were  made  to  purify  it  before  it  was  in¬ 
troduced  into  the  apparatus* 


Deuterium 

This  material  as  supplied  by  the  Stuart  Oxygen  Company,  San 
Francisco,  California,  consisted  of  99o5  per  cent  deuterium  gas*  No 
further  assay  was  attempted  since  it  was  used  in  mixtures  with  H2  which 
were  equilibrated  and  assayed  for  their  Ho,  HD  and  D2  content* 


APPARATUS 

In  order  to  study  the  interactions  of  H2,  HD  and  D2  molecules  with 
uranium  metal  it  was  necessary  to  have  a  mea^s  of  (l)  making  up  and 
storing  mixtures  of  the  gaseous  molecules,  ( 2)  a  reaction  tube  containing 
uranium  and  ( 3  ^  means  of  collecting  samples  of  the  gas  mixture  after  it 
had  been  allowed  to  react  with  uranium*  These  are  the  essential  components 
of  the  apparatus*  In  addition,  other  auxiliary  components  were ' necessary 
in  order  that  the  reaction  between  the  gaseous  molecules  and  metal  could 
be  carried  out  in  a  manner  so  that  the  data  collected  from  the  apparatus 
could  be  intelligently  interpreted*  A  gas  flow-rate  limiter  along  with 
manometers  for  measuring  pressure  drops  in  the  system  were  included*  A 
purification  system  was  added  since  the  gases  were  required  at  the  highest 
possible  purity*  The  entire  apparatus  had  to  be  thoroughly  evacuated  at 
various  t3.mes  during  the  experiment?  so  a  high  vacuum  train  with  its 
•auxiliary  pressure  measuring  devices  was  also  included*  Description  of 
the  apparatus  in  its  entirety,  Y^hich  is  depicted  diagrammatically  in 
Figure  1  and  pictured  in  Figure  2,  might  be  given  better  by  considering 
the  individual  components  in  detail. 


0» 


Reaction  tube 

The  reaction  tube  consists  of  19  millimeter  outside  diameter  thin- 
walled  Vycor  made  by  sealing  two  Vycor-to»pyrex  graded  seals  together. 

It  is  best  to  make  this  seal  in  an  oxy-hydrogen  flame.  However,  because 
minute  bubbles  invariably  form  at  the  point  where  Vycor  is  fused  to 
?ycor,  to  get  the  seal  vacuum  tight  it  was  found  necessary  to  run  a  bead 
around  the  point  of  seal  using  Vycor  rod  about  one-sixteenth  of  an  inch 
in  diameter.  The  Vycor  section  of  the  tube  is  about  30  centimeters  long. 

Because  the  uranium  metal  used  in  the  experiments  is  in  a  finely 
divided  state  having  been  prepared  by  decomposition  of  the  hydride,  it 
was  necessary  to  devise  some  means  of  keeping  the  powdered  metal  in  place. 
Glass  wool,  asbestos  fiber  and  powdered  fused  silica  were  tried  for  this 
purpose.  Powdered  fused  silica.,  that  would  pass  a  10  mesh  screen  but 
which  would  remain  on  a  20  mesh  screen,  proved  most  satisfactory  for  both 
confining  the  powdered  metal  within  a  limited  region  of  the  tube  and  al¬ 
lowing  the  hydrogen  gas  to  pass  readily  through  the  tube,  A  detailed 
description  of  the  filling  of  the  tube  is  found  in  Figure  3o 


Hydrogen  gas  reservoir 

The  reservoir  in  which  pure  D2  and  H2  gases  were  mixed  and  stored 
consists  of  a  two  liter  bulb  into  which  was  introduced  a  palladium 
filament  for  the  purpose  of  equilibrating  the  D2  and  H2  mixture  to  pro¬ 
duce  the  equilibrium  concentrations  of  H2,  HD  and  D2  molecular  species. 
It  was  first  assumed  that  heating  the  filament  to  above  600°  C.  would 
cause  the  reaction  between  H2  and  D2  molecules  on  the  palladium  metal  to 
proceed  in  such  a  manner  that  the  equilibrium  concentrations  of  H2,  HD 
and  D2  would  be  quickly  produced.  However,  final  equilibrium  was  very 
slow  with  this  device  as  shown  in  Figure  4,  After  four  hours  the  value 
of  the  HD/H2  ratio  gave  no  indication  of  becoming  constant.  Because 
another  means  of  equTlibrating  the  gaseous  mixture  offered  better  pos¬ 
sibilities  the  use  of  the  hot  palladium  filament  was  abandoned. 
Conditions  more  favorable  for  establishing  the  equilibrium  in  the  gas 
mixture  may  have  been  found  using  the  filament  but  no  study  was  made  to 
establish  them.  While  knovriedge  of  these  would  be  desirable  it  was  felt 
that  whatever  informatiorx  could  be  gained  would  apply  to  the  particular 
apparatus  employed  in  these  laboratories. 


Gas-flow  limiter 

The  gas-flow  limiter  consists  of  four  fine  bore  capillary  tubes  of 
different  lengths  arranged  in  the  manner  illustrated  in  Figure  5,  This 
arrangement  allows  several  possible  gas  flow  rates  if  the  gas  is  allowed 
to  flow  through  each  individual  capillary  or  combinations  of  two  or  more. 


Quass  V/oou 


Fu  T=2.  tslA.e^ 


Fig.  2 — Kinetics  apparatus. 
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Fig.  3 — ^Diagram  of  the  reaction  tube  indicating  the 
manner  in  which  the  filling  was  arranged. 

A.  30  grams  Urani\am,  15  grams 
10  mesh  fused  Si02»  10.5  cm. 

B.  10  mesh  fused  Si02#  8  cm. 

C.  Pyrex  glass  wool,  8  cm. 
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Gas  purification  and  egirllibration  of  Hp,  HD  and  Dp 
concentrations  in  gaseous  mipctures 

A  fused  silica  tube,  28  millinieters  in  diameter  and  35  centimeters 
long,  filled  with  137  grams  of  uranium  and  heated  to  600^  G.  serves  to 
purify  the  gaser  as  they  are  first  introduced  into  the  two  liter  reser¬ 
voir,  Glass  wool  plugs  in  each  end  of  the  tube  keep  fine  particles  from 
being  carried  mechanically  from  the  purification  tube®  The  tube  is  con» 
neeted  to  the  rest  of  the  apparatus  by  means  of  graded  seals  to  pyrex 
glass.  The  uranium  metal  filling  consists  of  turnings  cut  into  pieces 
about  3/4  inches  long. 

After  the  reservoir  is  filled  to  about  760  millimeters  pressure  the 
tem*perature  of  the  purification  tube  is  allowed  to  cool  to  about  250-260^ 
C«  Reaction  between  the  metal  and  hydrogen  mixture  takes  place  rapidly 
until  all  of  the  gas  is  consumed  except  that  accounted  for  by  the  hydrogen 
in  equilibrium  with  uranium  in  the  above  temperature  range  In  practice 
it  is  sufficient  to  allow  the  temperature  of  the  purification  tube  to 
remain  in  this  range  for  about  one  hour.  Heating  to  600®  decomposes  the 
hydride^deuteride  formed  at  the  lower  temperature.  It  has  been  found  that 
it  is  only  necessary  to  allow  the  gas  and  metal  to  react  once  to  insure 
equilibrium  concentrations  of  Rp?  ^  and  D2.  Repetition  of  the  reection- 
decomposition  cycle  causes  no  changes  in  these  concentrations  unac¬ 
countable  for  by  experimental  errors. 


Sampling  methods 

Provision  was  m.ade  for  collecting  samples  from  the  gas  reservoir 
and  from  the  gas  stream  which  was  passed  over  the  uranium  metal,  A  stop¬ 
cock  fitted  with  an  outer  7/25  standard  taper  ground  joint  was  attached 
to  the  wall  of  the  gas  reservoir |  a  similar  device  was  attached  to  the 
reaction  tube  in  a  position  immediately  after  the  filling.  Samples  from 
the  reservoir  are  collected  in  bulbs  whose  volume  is  about  one  cubic 
centimeter  while  samples  from  the  gas  stream  are  collected  in  bulbs  of 
about  50  cubic  centimeters  volume.  Each  sample  bulb  was  fitted  with  a 
stopcock  on  each  side  of  the  bulb  with  the  inner  part  of  a  7/25  ground 
glass  joint  connected  to  one  of  the  remaining  tubes  leading  from  the 
stopcocks.  Thus  a  sample  bulb  may  be  connected  to  either  the  reservoir 
or  the  reaction  tube  by  using  the  mating  ground  glass  joints.  Before 
collecting  a  sample  in  either  of  the  two  types  of  sample  bulbs  it  is  nec¬ 
essary  that  all  the  space  that  may  contain  gases  other  than  those  of 
particular  value  in  experiments,  including  the  actual  space  of  the  bulb, 
be  evacuated.  A  connection  to  the  vacuum,  train  manifold  by  means  of  a 
length  of  rubber  tubing  which  serves  either  the  reservoir  or  the  gas 
stream  sampling  devices  facilitates  this  operation. 


°’15 


Furnaces 

A  split-tube  furnace  (Kevi-Duty  Electric  Company,  Type  70,  750  "vi^atts) 
was  employed  to  heat  the  gas  purification  tubCc  An  18  ampere,  115  volt 
autotransformer  (General  Radio  Goinpany,  Type  100  Q  Yariac)  was  used  to 
power  the  furnace.  With  a  reading  of  about  95  on  the  Variae  dial  the 
furnace  temperature  is  about  600-650^  C.  A  dial  reading  of  about  25  will 
maintain  the  furnace  temperature  at  about  250^-260^  C.  which  is  necessary 
for  the  reaction  between  uranium  and  hydrogen  to  proceed  at  the  optimum 
rate. 


The  furnace  used  to  heat  the  reaction  tube  was  of  special  design 
and  built  locally.  The  thermal  element  consists  o^  19  feet  of  #22 
chrcmel  wire  wrapped  on  a  fused  silica  tube  22  millimeters  inside 
diameter  for  a  length  of  8  inches  in  such  a  way  that  the  temperature  var¬ 
iation  over  about  7  inches  of  the  length  is  constant  to  less  than  0.5^  G. 
at  a  mean  furnace  temperature  of  475^  C.  The  temperature  at  the  center 
four  inches  of  the  furnace  tube  is  cbnstant  to  less  than  0.3®  G.  at  475^ 

C.  Dicalite  insulation  surrounds  the  furnace  tube  ?^hich  is  contained  in 
a  galvanized  tin  cylinder  the  ends  of  which  are  made  from  l/2  inch 
transite.  Over-all  length  of  the  unit  is  27  centimeters  with  a  diameter 
of  7  inches.  Two  iron  rods  connected  to  the  transite  ends  facilitate 
mounting  on  a  rack  using  ordinary  universal  clamps.  Power  for  the  furnace 
is  derived  from  two  autotransformers  (General  Radio  Corpo,  Type  Y5  Yariac) 
the  operation  of  which  is  described  in  the  next  section  of  this  thesis. 


Temperature  control  of  furnaces 

No  attempt  is  made  to  control  the  temperature  of  the  purification 
tube  furnace  other  than  setting  the  potential  applied  across  the  furnace 
terminals  and  letting  it  come  to  thermal  equilibrium  with  its  surroundings 
the  temperatures  obtained  in  this  manner  lie  well  within  ranges  suitable 
for  the  experiments.  Temperature  indication  is  by  means  of  a  chromel- 
alumel  thermocouple  whose  thermal  junction  is  placed  at  the  center  of  the 
furnace . 

The  reaction  tube  furnace  temperature  is  controlled  to  jti^  C.  using 
a  Taco  West  Yeritron  indicator-controller.  A  chromel-alumel  thermocouple 
serves  as  the  thermo-sensitive  element  for  the  controller.  In  principle 
the  controller  is  a  simple  on-off  device^  however,  better  temperatui^e 
control  is  obtained  by  using  the  controller  to  operate  a  double  pole 
double  throw  relay  which  switches  one  of  two  voltages  derived  from  tv^o 
separate  autotransformers  to  the  furnace  element.  One  of  the  potentials 
is  adjusted  so  that  it  is  just  lew  enough  so  that  the  temperature  of  the 
furnace  slowly  decreases  while  the  other  potential  is  adjusted  so  that 
the  temperature  of  the  furnace  slowly  increases.  Thus  the  heating-cooling 
cycles  of  the  furnace  are  spread  out  in  such  a  manner  that  the  furnace 
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temperature  varies  at  a  slow  rate  over  a  range  of  2  degrees  centrigrade* 
Since  any  particular  observations  being  made  take  place  during  a  maximum 
time  of  about  20  seconds,  it  is  not  essential  that  the  temperature  be 
absolutely  constant.  By  observing  the  slowly  varying  temperature  and 
choosing  the  right  moment,  an  experiment  can  be  run  at  any  predetermined 
reaction  tube  temperature  with  a  precision  conservatively  estimated  at 
jtO.l*^  C.  at  a  mean  temperature  of  75^  Co 


Manometers 

A  full-scale  mercury  manometer  is  used,  to  determine  the  pressure  of 
the  gas  in  the  reservoir  during  the  experiments  and  to  serve  as  a  means 
of  determining  the  amounts  of  hydrogen  and  deuterium  gss  being  introduced 
into  the  reservoir  v^hen  making  up  the  gaseous  mixtures.  The  pressure 
changes  during  the  time  hydrogen  gas  is  being  passed  over  powdered  uranium 
metal  are  followed  by  a  24  centimeter  closed-end  manometer  located  at  the 
end  of  the  reaction  tube. 


High  vacuum  system 

A  vacuum  system  similar  to  that  used  to  evacuate  the  mass  spectro-* 
meter  tubes  in  these  laboratories  serves  to  evacuate  the  reaction 
kinetics  apparatus^*  This  consists  of  a  mechanical  backing  pump  (Welch 
I>uo-Seal,  1400  series)  in  series  with  a  two  stage  mercury  diffusion  pump 
(H .  S o  Martin  Company,  Type  M40050  Standard) o  A  short  length  of  30 
millimeter  pyrex  tubing  serves  as  the  manifold  from  which  any  part  of  the 
apparatus  may  be  evacuated.  An  ionization  gage  (Type  507,  National 
Research  Corporation,  Cambridge,  Mass.)  was  employed  to  record  the  pres¬ 
sure  within  the  system.  While  it  is  not  necessary  that  the  very  lowest 
possible  pressures  be  maintained  in  the  apparatus  it  is  noteworthy  that 
no  trouble  was  experienced  keeping  residual  pressures  in  the  manifold 
below  0.01  microns  (l  x  10''4  mm.  of  Hg) .  Some  instances  were  observed 
when  the  manifold  pressure  was  of  the  order  of  0.002  microns. 


EXPERB1ENTAL  PROCEDURE 

It  is  perhaps  best  to  discuss  the  experimental  procedure  as  a  series 
of  operations  in  the  order  in  which  they  are  performed  during  an  experi^ 
ment.  Mixtures  of  deuterium  and  hydrogen  gases  are  made  up  by  introducing 
into  the  2-liter  reservoir  what  are  essentially  H2  and  D2  gases  of  known 
partial  pressures.  The  gases  pass,  prior  to  being  introduced  into  the 
reservoir,  through  a  purification  tube  containing  uranium  metal  heated 
to  600®  G.  To  minimize  contamination  of  the  H2  and  D2  gases  due  to  air 
in  the  lines  leading  from  the  gas  tanks  to  the  purification  tube,  the 
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space  in  the  lines  is  evacuated  before  opening  the  tank  valves o  A 
predetermined  amount  of  each  gas^  as  indicated  by  the  pressure  observed 
Tffith  the  manometer,,  is  then  purified  and  allowed  to  enter  the  reservoir. 
After  the  mixture  has  been  made,  the  gas  is  equilibrated  by  cooling  the 
uranium  metal  in  the  purification  tube  to  250  to  260^  C,  and  allowing 
hydride  formation  to  take  place;  subsequent  decomposition  of  the  hydride 
by  heating  the  purification  tube  to  600^^  Go  produces  a  gaseous  mixture 
whose  }l2»  HD  and  D2  concentrations  remain  constant. 

By  opening  one  or  a  combination  of  stopcocks  in  the  gas-flow 
limiter,  a  portion  of  the  gas  mixture  is  then  allowed  to  pass  over  the 
powdered  m.etal,  which  has  been  heated  to  a  predetermined  temperature. 
Experience  has  indicated  that  the  experiments  with  uranium  are  best  con¬ 
trolled  using  stopcock  number  4  which  at  room  temperature  allows 
enough  gas  to  pass  through  the  reaction  tube  so  that  a  50  cubic  centi¬ 
meter  gas  sample  at  100  millimeters  of  mercury  pressure  can  be  collected 
in  about  15  to  20  seconds.  Prior  to  nassing  the  gas  mixture  through  the 
reaction  tube  and  into  the  sample  bulb  the  enitre  space  that  may  be  in¬ 
volved  is  evacuated  to  less  than  0,1  micron, 

Y'hen  enough  gas  has  passed  into  the  sample "bulb  to  yield  a  pressure 
of  100  millimeters  of  mercuiy  on  the  short  manometer,  the  sample  bulb 
stopcocks  are  closed  along  with  the  stopcock  of  the  gas-flow  limiter. 
Closing  of  the  stopcocks  is  done  as  nearly  simultaneously  as  possible. 
After  the  sample  bulb  is  removed  from  the  apparatus  its  contents  are 
analyzed  using  the  hydrogen  mass  spectrometer*  For  samples  containing 
up  to  about  20  atoms  per  cent  deuterium  the  3“2  tube  can  be  used  by  mak¬ 
ing  a  comparison  of  the  intensity  of  the  HD  and  D2  ion  currents  as 
amplified  by  the  FP-54  amplifier  in  addition  to  the  normally  obtained 
HD  /H2  ion  ratio,  D2  ions  are  focused  upon  the  number  3  collector 
plate  in  the  3-2  tube  using  an  ion  accelerating  potential  of  210  volts* 
From  the  ratios  HD/H2  ^nd  D2/HD2the  D  sHDsH2  ratio  can  be  computed. 

To  prepare  the  uranium  metal  so  that  it  may  be  used  to  make  further 
observations  of  the  hydrogen-uranium  reaction  rate  it  is  necessary  to 
decompose  any  hydride  which  may  have  formed  during  the  time  of  reaction. 
Decomposition  is  accomplished  by  heating  the  reaction  tube  to  450^  C, 
and  simultaneously  evacuating  the  liberated  gas  (8)  ,  When  the  pressure 
in  the  vacuum  system  manifold  drops  to  less  than  0,1  of  a  micron  the 
reaction  tube  is  allowed  to  cool  to  room  temperature  or  to  the  pre« 
determined  temperature  at  which  the  next  experiment  is  to  be  performed* 
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EXPi;RIl.'iENTAL  RESULTS 


Analytical  data 

A  mixture  of  tank  hydrogen  and  deuterium  was  made  by  first  allowing 
H2  to  pass  into  the  reservoir  until  the  pressure  was  684  millimeters  of 
mercury  and  then  adding  D2  gas  until  the  pressure  in  the  reservoir  was 
768  millimeters.  The  mixture  of  gas  was  equilibrated  by  forming  and 
decom.posing  the  uranium  compound,  A  drop  in  pressure  to  764  millimeters 
occurred  due  to  the  equilibration  process.  According  to  the  make-up  data 
the  partial  pressures  in  the  mixture  due  to  Hq  and  D2  were  684  and  84 
millimeters  of  mercury  respectively.  This  would  correspond  to  a  deuterium 
content  of  10.92  atoms  per  cent.  The  average  of  twelve  different  analyses 
on  this  mixture  performed  on  different  days  was  10.65t  0.11  atoms  per  cent 
deuterium.  The  discrepancy  between  this  figure  and  that  obtained  from 
the  make-up  data  which  amounts  to  about  -2.5  per  cent  may  be  accounted 
for  by  the  small  error  introduced  into  the  make-up  figure  by  assuming  the 
deuterium  tank  gas  to  be  100  per  cent  D2J  by  the  probable  decrease  in  D2 
ion  current  during  the  analyses  due  to  the  "voltage  effect"  and  by  the 
hold-up  of  a  proportionally  greater  amount  of  deuterium  than  hydrogen  by 
the  metal  in  the  purification  tube.  In  each  of  these  corrections  the 
trend  is  in  the  right  direction.  However,  no  attempt  was  made  to  apply 
any  corrections  to  the  ensuing  analytical  data  since  the  over-all  experi¬ 
mental  errors  in  the  experiments  probably  do  not  warrant  it. 

The  equilibrated  gas  mixture  was  passed  over  the  powdered  metal  at 
27,5°,  35°,  45°,  50°,  60°,  75°  and  100°  G.  In  cases  where  it  was  pos¬ 
sible,  a  52.68  cubic  centimeter  sample  at  100  millimeters  pressure  was 
collected.  This  was  the  case  except  for  the  50°,  60°,  75°  and  100°  C. 
experiments  in  which  the  pressure  of  gas  in  the  sample  bulb  rose  to  a  , 
maximum  which  was  less  than  100  millimieters  of  mercury  and  then  decreased 
with  varying  degrees  of  rapidity,  depending  upon  the  temperature  of  the 
uranium  metal.  However,  the  gas  samoles  were  collected  at  as  nearly  as 
possible  the  maximum  obtainable  pressure  for  each  experiment.  Each 
sample  was  analysed  using  the  3-2  mass  spectrometer  expressing  the  ana¬ 
lytical  results  both  as  atoms  per  cent  deuterium  and  the  DqsHDsHp  ratio. 
Duplicate  experiments  were  made  at  all  reaction  temperatures  excfept  35° 
and  60°  C.  in  which  cases  only  single  experiments  were  performed.  How¬ 
ever,  these  were  done  after  data  were  collected  from  experiments  run  at 
the  other  temperatures.  The  good  agreement  of  the  single  35°  f^nd  60°  G. 
experiments  with  the  others  indicated  that  duplicates  were  probeV<v  not 
necessary.  Details  of  the  experiments  are  summarized  in  Table  I , 
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Table  I 

Experimental  Data  for  Kinetics  Experiments 


Reaction  Reservoir  Atoms  %  Ap  of  Milli-  Final  Atoms  $  Time  to 

Tempo  Tempo  D  in  Gas  in  Reso  moles  Pressure  D  in  Collect 

oc„  °C<,  Reservoir  During  Hydrogen  of  Sample  Sample  Sample 

Gas  Experiment  Used  in  mm »  of  .  in  Secs » 


in  mmo  of  in  Exp.  Mercury* 
Mercury  _ _ 


27,5 

27,5 

10,62 

8 

0,908 

100 

10,86 

15,6 

35,0 

27,0 

10,65 

9o5 

1,078 

100 

11,17 

16,3 

45»0 

29  oO 

10,70 

11,5 

1,297 

100 

11,50 

17,0 

50,0 

27,5 

10,67 

12,5 

1,353 

88 

•11,62 

18,7 

60,0 

27,0 

10,65. 

14 

1,593 

80 

12,21 

14,7 

75,0 

27,0 

10,60 

16 

1,816 

62 

12,90 

8,8 

100,0 

27,0 

10,65 

18 

5** 

*Volume  of  all  samples  was  52o68  cubic  centimeters » 


**IIot  enough  material  was  collected  to  make  an  analysis  o  Due  to  the 
reaction  between  the  uranium  and  hydrogen  the  value  5  millimeters 
represents  a  maximum  which  decreased  very  rapidly «  No  further  experiments 
were  performed  at  temperatures  higher  than  100°  Co 

• 

As  indicated  in  the  table  it  was  impossible  to  perform  any  reliable 
experiments  at  100®  C„  because  the  reaction  between  metal  and  gas 
proceeded  so  rapidly  that  a  maximum  pressure  of  about  5  millimeters  of 
mercury  was  observed  in  the  sample  bulbo  Data  from  the  reservoir  gas  and 
sample  analyses  appear  broken  down  into  essential  categories  in  Table  2, 


Table  I.I 

Breakdown  of  Analytical  Data 


Gas 

SampJ.e 

Analyzed 

HD/H2 

Da/HD 

Ratio . 

DZt  Wt  llz 

Moles  . 
Per  Cent 

■  ©2 

Moles 
Pe"  Cent 
HD 

Moles 

Per  Gerxt 

H2 

Reservoir 

0,244 

0,0457 

1s21,9:89.7 

0.89 

19.45 

79.66 

27.5°  Co 

0.252 

0 ,0461 

l321,7s86,2 

0.92 

19,92 

79.15 

35.0°  C. 

0.257 

0.0523 

1519,1:74.3 

1.06 

20.25 

78.69 

A5.0°  C. 

0.262 

0,0567 

1517.7:67.4 

1,16 

20,56 

78.28 

50,00  c. 

0.267 

0,0573 

1:17 ,4: 6*^,4 

1,19 

20.76 

78.04 

60,00  G. 

0.282 

0.0607 

1:16.5?58o 

1.32 

21.72 

76.96 

75,00  C. 

0,300 

0.0676 

1514,8:49.3 

1,54 

22,73 

75.73 

From  a  consideration  of  Figure  6  which  is  a  diagrammatic  represent 
tation  of  the  reservoir ^  gas-flow  limiter ,  reaction  tube  and  sample 
collecting  device ^  further  information  which  is  necessary  to  evaluate 
the  experimental  data,  is  obtained o 

The  volumes  of  space  in  which  gas  may  be  held  in  the  apparatus  may 
be  divided  into  the  region  in  which  the  gas  never  has  had  a  chance 
to  react  with  uranium |  DE  the  region  in  which  reaction  occurs  and  EB  the 
region  in  which  the  gas  which  has  had  an  opportunity  to  react  no  longer 
can  react  with  uranium.  The  volumes  of  the  free  space  in  each  of  these 
regions  is  A  to  D,  41  *>4  cc*|  D  to  E,  12 «2  cCo|  E  to  47*4  cc*  and  C  to 

B  52o68  cCc  The  total  volume  betYv’een  points  A  and  G  was  determined  by 
allowing  argon  gas  at  a  known  pressure  to  expand  from  the  space  AC  into 
the  space  CBo  Since  the  volume  BC  was  accurately  determined  at  27*0°  Co, 
the  volume  in  space  ^  could  be  calculated  using  the  perfect  gas  laWo 
The  average  of  several  such  determinations,  designed  to  produce  a  final 
pressure  after  expansion  of  about  ICO  millimeters  of  mercury  in  order  to 
obviate  volume  corrections  in  the  manometer^  was  101 *0  cubic  centimeters 
^il0o2  per  cento  The  free  volumes  in  regions  A  to  D  to  E,  and  E  to  C 
were  estimated  from  the  dimensions  of  the  reaction  tube  and  from  liquid 
displacement  measurements  made  on  a  replica  which  was  nearly  the  same  as 
the  reaction  tube  as  possible  except  for  the  omission  of  powdered  uranium 
in  the  filling «  The  estimated  volumes  in  these  regions  are  probably 
accurate*  to  to  o5  cubic  centimeters* 

By  considering  the  apparatUvS  broken  down  into  various  regions  and 
with  their  respective  volumes  determined  it  is  possible  to  separate  the 
amount  of  hydrogen  used  in  the  experiments  into  (3 )  the  amount  that  never 
had  a  chance  to  react  with  uranium,  (2)  the  amount  that  had  a  chance  to 
react  and  then  passed  beyond  what  is  given  as  point  E  in  Figure  6,  (3) 
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■  ' 

the  amount  held  in  the  free  space  of  region  D  to  E  and  (4)  the  amount 
which  reacted  with  uranium  to  form  the  hydride^  The  sample  taken  for 
analysis  represents  about  53  per  cent  of  (2)  and  so  it  is  assumed  that 
its  composition  represents  that  of  all  the  gas  which  has  passed  the  poir^^^ 
beyond  the  uranium  in  the  reaction  tube.  In  calculations  concerning 
actual  number  of  millimoles  of  hydrogen  held  in  the  space  of  each  T^0bn 
of  the  apparatus  account  must  be  made  of  the  fact  that  tempera tu^*^ 
differences  are  present  within  a  particular  region.  In  both  regions  |D 
and  EG  5,4  cubic  centimeters  of  the  total  volume  are  at  the;;peaction 
tube  temperature  while  in  5*7  cubic  centiraeters  of  the  volume  the  tem^ 
perature  varies  from  “that  of  the  reaction  tube  to  room'diemperature.  The 
remainder  of  the  volume  of  each  region  is  at  room  thnlperature.  Table  3 
summarizes  the  dath  obtained  from  calculations  .rlgahding  the  number  of 
millimoles  hydrogeR4.iCOhtained  in  each  region  pf'the  apparatus  at  the  time 
the  sample  is  collected  in  each  of  the  experiments. 


Table'  III 


Hydrogen  Held 

in  Various  Regions  of  the  Appars 

it  us 

Reaction 

Milld,mbl%s 

Millimoles 

Millimoles 

Millimoles 

Tempe 

Hydrogen  in 

Hydrogen 

Hydrogen 

in  ^Co 

Whioh  jfave 

Interstices 

Not  Pa vS sing 

Reacted 

Hpa'sped 

of  DE 

Point  D 

With 

Point  1 

Uranium 

27,%: 

,  "Oi535 

0.06^-- 

0.222 

0.086 

0.529 

0,064^:-- 

'0.220 

0.265 

^  '3^5.0 

04503 

0.062 

0.217 

0.515 

50,0 

■  G%467 

0,053  . 

0.192 

O064I 

60.0 

.>  f  ,420 

0,047  ' 

0.173 

0.953 

75,0 

0,328 

0.035 

0,133 

1.320 

■  It  might  .'be^ -we  11  to  ca3.1  attention  to  the  data  presented  in  column 
four  of  the  table  o  T-hile  the  volume  of  gas  held  in  the  region  ^  is 
essentially  constant  (volume  corrections  due  to  the  expansion  of  the 
Vycor  are ‘"negligible)  j  the  number  of  moles  contained  in  the  space  of 
this  region  diminishes  due  to  an  increase  in  temperature  of  a  part  of 
the  region  *> 


From  the  data  presented  in  Table  III  it  is  possible  to  calculate  the 
ratios  of  the  rate  constants  for  the  reactions  bety7een  uranium^  H2,  HD 
and  I>2o  l3"-t  any  of  the  experimental  data  observed  the  ratio  of  moles 
uranium  available  for  reaction  to  the  total  moles  of  hydrogen  used  in  the 
experiments  is  about  1250/1 «0  to  1.8«  Thus  it  is  expected  that  the 
of  disappearance  of  any  molecular  species  of  hydrogen  would  conform  to  a 


first  order  expression •  Hence  it  may  be  stated  that 


dt 

-  '^PHD  ”  k2PHD 
dt 

dp, 

£2  " 

dt 


From  (1)  and  (2) 

From  (1)  and  (3) 
and  from  (2)  and  (3) 


^  i«phb 
^2 


lnpj^2  s  £1  lnpj3 

k3 

InpHD  =  £2  Inpjj^ 
k3 


Integration  of  (4)  leads  to  the  expression 


PH2 


h  in* 

’‘2 


Equations  (5)  and  (6)  lead  to  similar  results* 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 


To  determine  p^,  the  initial  pressure  for  the  reactions  it  is 
necessary  to  determine  ’s^hat  the  pressure  ’would  have  been  in  the  reaction 
tube  assuming  that  no  hydrogen  reacted  with  uranium*  Column  five  of 
Table  III  gives  the  millimoles  of  hydrogen  which  reacted  at  each  experi¬ 
mental  temperature*  From  a  consideration  of  the  perfect  gas  law  and  the  . 
volume  of  the  apparatus  from  a  point  half  way  between  points  D  and  E  and 
point  B  of  Figure  6,  this  being  a  reasonable  estimation  of  the  space 
which  the  gas  would  occupy,  it  is  possible  to  calculate  the  apparent  ini^ 
tial  pressure o  However,  except  in  the  case  where  the  reaction  was  run 
at  room  temperature  a  complication  arises*  Part  of  the  volume  in  which 
the  gas  would  be  contained  is  at  the  reaction  temperature  while  the  re¬ 
mainder  is  at  room  temperature*  Fi^om  a  consideration  of  the  dim.ensions 
of  the  apparatus  15 «3  cubic  centimeters  of  the  total  volume  is  at  the 
reaction  t^mnerature.  The  total  volume  of  the  space  which  extends  from  point 
B  to  the  point  half  vjay  oetween  D  and  E  in  the  apparatus  is  106*2  cubic 
centimeters*  Tiius  90 o9  cubic  centimeters  of  the  total  volume  of  gas  will 
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be  at  room  temperature • 

To  determine  the  pressure  at  which  the  gas  would  be  if  no  reaction 
with  uranium  had  taken  place  consider  first  that  the  hydrogen  that 
reacted  with  uranium  occupies  volume  Vp  (which  is  15 .3  cubic  centimeters) 
at  temperature  T2*  Since  n  moles  of  hydrogen  reacted  it  is  possible  to 
calculate  the  pressure  this  amount  of  gas  would  exert  upon  the  walls  of 
V2  at  T2.  Then  after  allowing  this  gas  to  expand  into  volume  (  90*9 
cubic  centimeters)  at  temperature  T]_  the  problem  is  to  determine  the 
resultant  pressure*  Figure  7  indicates  what  the  situation  is  diagrammat- 
ically* 


Figure  7 


The  gas  is  first  held  in  the  left  vessel  where 

n  s  PpVp 

RT2  (8) 

Then  the  stopcock  is  opened  and  the  pressure  decreases  to  Pj.  in  both 
left  and  right  vessels. 

*^2  “  ^r^2  =  number  of  moles  of  gas  in  the  left  vessel.  (9) 

RT2 

and 

n^  -  z  number  of  moles  of  gas  in  the  right  vessel. 


(10) 
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However since  n  =  n2 

n  =  £r 
R 


(11) 


Pr  °  ’^l^g 
'^1^2 


(12) 


For  the  experiment  at  room  temperature  when  T2  * 


s  0.>086  X  10”^  X  82o05  x 
106  o2 


s  15615  millimeters  of  mercury 

However  the  actual  pressure  observe(3,  (see  Table  l)  when  the  sample  was 
collected  was  100  millimeters ^  thus  p^  for  this  experiment  is  the  sum  of 
the  resultant  pressure  plus  the  sample  pressure  or  115*2  millimeters  of 
mercury  which  represents  the  total  initial  hydrogen  pressure  0  To  find 
the  initial  partial  pressures  for  each  of  the  molecular  species  of  hy- 
drogen  it  is  necessary  to  multiply  this  total  p^  by  the  mole  fraction  of 
each  molecular  species  which  is  found  in  columns  5$  6  and  7  of  Table  2 
considering  the  values  of  the  mole  fractions  for  the  unreacted  reservoir 
gas. 

The  final  total  pressure  p  of  equation  (7)  is  that  pressure  at 
which  the  sample  was  collected.  Thus  to  determine  the  final  partial 
pressures  of  each  molecular  species  of  hydrogen^  it  is  necessary  to 
multiply  the  sample  pressure  which  is  found  in  Table  I  for  each  of  the 
experiments  by  the  mole  fraction  of  each  molecular  species  considering 
the  values  of  the  mole  fractions  for  the  sample  obtained  in  the  experi¬ 
ment  unaer  examination.  Table  4  summarizes  the  calculated  initial  and 
final  partial  pressures  for  the  experiments . 
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Table  IV 


Initial  and  Final  Partial  Pressures  for 
H2?  HD  and  D2  in  Hydrogen 


Exp»l 
in  OC. 

Total 

p° 

Pi? 

^'2 

Phd 

Hp 

Total 

P 

82 

P 

27.5 

115.2 

91.8 

22.4 

1.03 

100 

79.2 

19.9 

0,92 

35.0 

1Z6.7 

116.8 

28.6 

1.31 

100 

78.7 

20.3 

1.06 

45.0 

192.0 

153.0 

37.4 

1.71 

100 

78.3 

20.6 

1.16 

50.0 

202.0 

161 .0 

39.3 

1.80 

88 

68.7 

18.3 

1.05 

60.0 

250,0 

199.3 

48.6 

2.21 

80 

61  *6 

17.4 

1.06 

75.0 

299.0 

238.0 

ro  0 

J'  ‘ 

2.66 

62 

46,9 

14.1 

0.95 

All  pressures  indicated  in  this  table  are  in  millimeters  of 
mercury. 


Substitution  of  the  proper  values  from  Table  4  into  formulae  (5'^ 
(6)  and  (7)  gives  the  ratios  of  the  rate  constants  k2  and  kn*  As 
an  example  these  ratios  are  calculated  for  the  exneriment  at  C, 

log  22^  -  log 

k2  22.4 


ll  =  -0.066  s  1.2?5 
k2  -0 .052 

log  25L2  s  ^  log  0^02 
91.8  kj  1.03 


^  s  °0.066  s  1.  33 

k3  -0.049 

log  12*2  =  k2  lop  0,92 
22*4  k3  '  1.03 


^  -  -0.052  s  1.06 
k^  "  -0.049 
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In  a  siip.ilar  manner  these  ratios  are  calculated  from  the  data  of  experi- 
ments  at  other  temperatures  and  the  results  are  tabulated  in  Table  5o 


Table  V 


Ratios  of  Rate  Constants  for  Reaction 
BetTween  Uranium j  ^2^  HD  and  D2 


Expl 
Temp, 
in  °C. 

ki/k2 

ki/k3 

k2/k3 

27.5 

1 .25 

1.33 

1.06 

35.0 

1,15 

1.83 

1.60 

45.0 

1.13 

1.71 

l.M 

.50,0 

1.11 

1.58 

1.42 

60  ®0 

1,14 

1.60 

1.40 

75.0 

1.14 

1.58 

1.30 

Using  equations  (l) ,  (2)  and  (3),  the  data  in  Table  4^  and  column 
eight  of  Table  I,  the  rate  constants  for  each  reaction  over  the  range 
of  temperatures  used  in  the  experiments  may  be  calculated  Such  a 
calculation  is  included  here  for  the  experiment  at  27*5^  C, 

From  (1)  upon  integration  there  results 

-Inpfig  -  (13) 

where  C  is  the  constant  of  integration. 


Integrating  between  initial  and  final  conditions  for  the  experiments 

“I’-  Pp 

(t2  -  \) 

PHo 


(14) 


In  PH 


2  ”  k.  (to  “  t-i ) 


(15) 
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Converting  to  base  ten  l.ogarithms 

log  PH 


^  1  -  K  (tp  -  t, ) 
2,303  ^ 


(16) 


Similarly,  expressions  may  be  derived  from  equations  (2)  and  (3)  to  give 


log  PHD  = 


ko  (to  -  t-i ) 


(17) 


Pfe  2-303 


and 


log 


nO 

pd 


2.303 


^3  ^^2  "  ■*^1^ 


(IS) 


2 


Using  the  data  from  Tables  I  and  IV  for  the  27,5°  0,  experiment 

log  21^  ^  h 

^  79.2  2,303  ^ 


K  :  ~  0.00945  sec,"^- 

-^15.6 

Calculated  in  a  similar  manner 

^2  s  0,00752  sec.”3- 

and  _i 

"  0.00707  sec. 

Results  of  similar  calculations  for  the  experiments  at  other  temperatures 
are  listed  in  Table  VI, 
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Table  VI 

Rate  Constants  for  the  Reaction 
Between  Uranium,  H2,  HD  and  D2 


Ixp'l 
temp, 
in  °K. 

l/T  p 

xlO"'^ 

.  ^1  =1 
in  sec. 

log  k^ 

■  '‘2-1 

in  seCc 

log  k2 

^3  „i 
in  sec* 

log  k^ 

300.5 

3.33 

0.00945 

-2.025 

0.00752 

-2.124 

0.00707 

-2.152 

308.0 

3.25 

0.0243 

-1.615 

0.0212 

-1.674 

0.0130 

-1.886 

318.0 

3.15 

0.0398 

-1.401 

0.0352 

-1.454 

0.0229 

-1.641 

323.0 

3.10 

0.0455 

-1.342 

0,0408 

-1.389 

0.0301 

-1.522 

333.0 

3.00 

0.0798 

-1,098 

0.0697 

-1,156 

0.0500 

-1.301 

348.0 

2,79 

0,1843 

-0.7351 

0.1605 

-0.795 

0.1168 

-0.933 

From  the  data  of  Table  VI  the  energy  of  activation  for  the  reactions  may 
be  calculated  by  making  use  of  the  Arrhenius  relationship 


d  In  k  9-  E 
d  T 

whose  integrated  form  is 

In  k  -  -  _E  const. 
RT 


(19) 

(20) 


in  which  it  is  seen  that  the  relationship  between  In  k  and  l/T  is  linear. 
Plotting  the  data  listed  in  Table  VI  should  result  in  a  straight  line  the 
slope  of  which  is  -E/Il  from  which  the  activation  energy  may  be  calculated. 
Such  a  plot  is  made  in  Figure  8  from  which  it  is  evident  that  all  the 
data  except  those  obtained  for  the  27.5  Centigrade  experiment  have  a 
linear  relationship  when  the  Arrhenius  equation  is  applied. 


The  energies  of  activation  of  the  processes  are  8,200^,200  calories 
for  that  involving  H2  molecules,  8,500  £200  calories  for  that  involving 
HD  molecules  and  10,200 i200  calories  involving  D2  molecules.  Following 
reasoning  similar  to  that  previously  cited  in  the  literature  based  upon 
a  consideration  of  the  zero  point  energies  of  D2,  HD  and  H2  molecules, 
the  energy  required  for  activation  in  the  uranium  -D2  reaction  should 
be  greater  than  that  for  the  uranium  “H2  reaction.  The  magnitudes  of  the 
observed  activation  energies  are  what  may  reasonably  be  expected  for  such 
reactions. 
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T  r 


I 


log  k  =  - 

1  E 

2.303  R  T 

O - k;L 

slope  =  -l800 

□  —  k2 

slope  =  -1850 

A—  k3 

slope  =  -2230 

S.8  8.9 


_l _ -J - 1 - - - «- 

3.0  3.1  9.Z  3.3 


X  10“3  =  1/t 


8— Plot  of  log  k  versus  i/T  for  the  data  presented  in  Table  VI 
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D  IS  GIBS  ION 

It  was  stated  earlier  in  this  thesis  that  the  reaction  rates  of 
uranium  with  H2,  HD  and  D2  might  be  expected  to  vary  inversely  as  the 
square  root  of  the  reduced  masses  of  the  hydrogen  molecules «  Thus  the 
ratio  >iA2  should  be  2/  or  1«15|  should  be  1  or  lo413 

and  k2/k3  /  1  or  1«,22,  The  data  listed  in  Table  V  indicate  good 

agreement  at  room  temperatiire  but  relatively  poor  agreement  for  all  other 
temperatures o  However ,  from  Figure  8  it  is  clear  that  the  room  tempera¬ 
ture  experiment  did  not  fall  in  line  with  the  other  experiments  when  the 
Arrhenius  equation  was  applied  to  the  experimental  data*  Thus  it  becomes 
necessary  to  offer  a  plausible  explanation  for  the  general  deviation  of 
the  experimental  results  from  the  principle  mentioned  above  0 

The  experiments  were  designed  to  present  as  great  a  uranium  surface 
as  possible  with  which  hydrogen  molecules  could  come  in  contacte  However, 
the  use  of  finely  powdered  metal  introduced  an  additional  factor  into  the 
processes,  that  of  adsorption*  While  the  rates  of  readtion  between 
uranium  metal  and  hydrogen  molecules  might  follow  the  inverse  sqtlare 
root  rule,  the  rates  at  which  the  different  molecular  species  of  hydrogen 
are  initially  adsorbed  may  constitute  the  over-all  rate  determining  step 
in  the  processes*  Complications  due  to  adsorption  may  be  sufficient  to 
account  for  the  observed  variations  from  the  inverse  square  root  rule* 

The  over-all  process  is  probably  best  considered  as  taking  place 
in  three  steps  s  (l)  The  gas  molecule  approaches  the  m.etal  sut^face  and 
is  adsorbed  forming  an  adsorption  complex*  (2)  The  adsorption  complex 
either  has  sufficient  energy  to  become  an  acitvated  adsorption  complex 
or  it  lacks  the  requisite  energy  and  breaks  dcwn,  which  is  equivalent 
to  stating  that  the  gas  molecules  evaporate  from  the  surface*  (3)  Those 
adsorption  complexes  which  e.re  activated  are  then  converted  to  a  compound* 
Thus  only  molecules  which  are  adsorbed  have  an  opportunity  to  react  and 
only  those  which  possess  sufficient  energy  to  form  an  activated  adsorp¬ 
tion  complex  take  part  in  the  reaction  between  gas  and  metal* 

The  uranium-hydrogen  reactions  must  then  be  considered  as  taking 
place  in  a  heterogeneous  system  and  the  activation  energies  observed  are 
only  apparent  activation  energies*  If  it  is  assumed  that  .the  product  of 
the  reaction  does  not  have  a  retarding  influence  upon  the  rate  of  reaction, 
then 

E  =  Ea  nh  X- 

^Here  is  the  heat  of  adsorption  of  a  mole  of  hydrogen  by  uranium 

and  E  is  the  true  activation  energy*  The  validity  of  this  assumption 
is  indicated  by  the  fact  that  when  hydrogen  reacts  with  massive  uranium 
the  hydride  formed  continually  sloughs  off  the  metal  surface  allowing 
new  surface  to  be  exposed  for  reaction*  A  similar  action  is  to  be  ex¬ 
pected  even  in  the  case  where  finely  powdered  metal  is  employed  since 


the  crys ta?i.Iine  forms  of  hy'“lride  and  rriotal  are  different.  Even  if  the 
hydride  should  have  some  retarding  influence  upon  the  reaction  rate^,  the 
fact  that  less  than  one-thousandth  of  the  uranium  metal  would  take  part 
in  compound  formation  if  all  the  hydrogen  used  in  any  of  the  experiments 
was  converted  to  hydride  indicates  that  the  extent  of  the  retarding  action 
would  certainly  be  small  and  probably  negligible.  In  order  to  determine 
the  true  activation  energy  for  the  reaction  between  uranium^  HD  and 
D2  it  be  com^s  necessary  to  know  the  heat  of  adsorption  for  those  molec¬ 
ular  species  being  adsorbed  on  uranium,  Unfortunatelyj  determination  of 
the  heats  of  adsorption  is  impossible  since  under  none  of  the  experi”’ 
mental  conditions  could  the  reaction  between  gas  and  metal  be  prohibit- 1, 
An  alternative  is  to  consider  instances  in  which  comparative  studies 

on  the  heats  of  adsorption  of  II2  and  D2  have  been  reported,  Maxsted  and 
Moon  (10)  determined  the  relative  rates  of  adsorption  of  H2  and  Dp  from 
-21  to  50^  C,  on  finely  divided  platinum  and  found  the  rate  of  adsorption 
of  H2  to  be  1,4  to  1,5  times  that  of  D20  They  reported  the  energy  of 
activation  of  the  adsorption  of  the  two  gases  to  be  2500  calories  mol"' 
and  2400  calories  mol"^*.  Seller,  Goldwasser  and  Beebe  reported  (ll) 
that  the  relative  rates  of  adsorption  of  D2  and  H2  on  finely  divided 
copper  and  indicate  H2  to  be  advSorbed  5<»5  times  as  rapidly  as  D2  at  0^ 
centigrade,  A  differ-ence  of  750  calories  in  the  activation  energies  for 
the  two  kinds  of  hydrogen  in  the  range  of  about  10,000  calories  is  in-^ 
dicated,  Beebe  and  Dowden  (12)  reported  the  heats  of  adsorption  for  H2 
and  D2  on  chromic  oxide  to  be  A6OO  and  4950  calories  respectively  while 
values  of  1000  and  1700  calories  are  listed  for  the  adsorption  on  nickel 

(13)  in  the  temperature  range  0,25^  centigrade,  Maidanovskii  and  Bruns 

(14)  indicated  a  value  of  17,000  calories  for  the  initial  heat  of  adsorp¬ 
tion  of  H2  on  platinum  at  100-120^  C, 

The  range  over  which  the  heats  of  adsorption  of  Hp,  and  1)2  are 
distributed  on  metals  other  than  uranium  makes  it  impossible  to  attempt 
any  analogies  in  the  estimation  of  a  reasonable  value  for  the  true 
activation  energy  of  the  hydrogen^uranium  reaction.  Since  it  is  not  pos¬ 
sible  to  actually  measure  the  heats  of  adsorption  of  hydrogen  on  uranium 
the  true  activation  energy  for  the  reaction  cannot  be  kne^m.  If  the 
entire  surface  of  uranium  metal  was  covered  with  hydrogen  molecules  the 
amount  adsorbed  would  not  change  with  temperature  and  X  would  be  zevo^ 
and  mould  be  the  triif:  activation  energy.  However,  this  is  unlikely 
under^the  conditions  of  the  experiments  and  so  the  conclusion  must  be 
made  that  the  true  activation.  en‘/rgies  for  the  hydrogen-uranium,  reactions 
are  less  than  the  observed  apparent  activa,tion  energies  but  no  actual 
values  can  be  cited. 

The  report  of  Seller,  Goldwasser  and  Beebe  (ll),  in  w/hieh  it  ??as 
indicated  that  the  rate  at  which  copper  adsorbed  H2  was  5o5  times  as 
rapid  as  the  rate  at  v^hicb  Dp  was  adsorbed,  indicates  that  the  step  in 
which  hydrogen  molecules  are  adsorbed  on  the  uranium  may  be  the  control¬ 
ling  fact  in  the  observed  variations  from  the  inverse  spuare  root  rule. 


The  above  discussion  shoifjs  that  the  heterogeneous  nature  of  the  reaction 
system  makes  it  difficult  to  accurately  determine  the  relative  rates  of 
these  processes 

An  alternate  vieTii?point  should  be  examined  by  which  the  phenomena 
observed  in  the  experiments  dercribed  in  the  third  section  of  this 
thesis  may  be  explained o  If  the  rate  of  interaction  between  hydrogen  and 
uranium  does  not  depend  upon  the  difference  in  zero  point  energies  of 
the  different  molecular  species  it  might  involve  diffusion  of  the  mole¬ 
cules  into  the  metal.  Since  the  diffusion  rates  of  gases  depend  in« 
versely  as  the  square  root  of  their  masses,  the  ratios  of  the  reaction  ... 
rate  constants  would  be  /kg  ^  or  1.415 1  ^j/^2  “  / ^2 

or  1.225  and  k2/k3  ~  /J^jT^or  1.155  o  Comparsion  cf  these  values  with 

those  cited  in  Table  V  gives  as  good  agreement  as  the  ratios  based  upon 
the  zero  point  energies  and  no  choice  can  be  made  between  the  alternate 
viewpoints*.  It  is  therefore  necessary  to  consider  other  factors  involved 
in  the  experiments  before  a  choice  can  be  made  between  the  zero  point 
energy  and  diffusion  interpretations  of  the  experimental  data.  McBain 
(15) j  in  studies  on  the  sorption  of  hydrogen  by  charcoal^  observed  that 
there  was  an  initial  rapid  adsorption  of  the  gas  followed  by  a  slower 
process.  The  rate  of  adsorption  of  the  slow  process  was  in  agreement  with 
the  laws  of  diffusion.  In  the  experiments  described  in  this  thesis  the 
extremely  short  times  during  which  observations  were  made  necessarily 
exclude  any  diffusion  into  the  metal,  Brunauer  (I6)  stated  that  it  is 
generally  safe  to  conclude  that  in  a  purely  physical  adsorption 5  gas  mol¬ 
ecules  are  adsorbed  as  rapidly  as  they  reach  the  surface.  The  slow 
effects  are  due  to  chemisorption,  chemical  reaction,  solution  or  to  the 
inability  of  gas  molecules  to  contact  the  surface  of  the  metal, 

Durau  and  Teckentrup  (17)  studied  the  purely  physical  adsorption  of 
different  gases,  including  hydrogen,  on  finely  divided  iron.  They  found 
that  equilibrium  was  established  very  rapidly  and  the  isotherms  were 
com.pletely  reversible  at  18^  G.  and  for  a  pressure  range  50»750  milli^ 
meter  of  mercury.  Benton  and  TJhite  (I8)  observed  the  sorption  of  hydrogen 
by  nickel  and  copper  and  Taylor  and  McKinney  (19)  studied  the  sorption 
of  carbon  monoxide  by  palladium^  they  found  a  very  rapid  initial  stage 
which  indicated  purely  physical  adsorption  followed  by  a  slow  stage  in 
which  the  rate  of  sorption  was  very  slow.  This  second  stage  was  desig- 
nated  by  Taylor  (20)  as  activated  adsorption. 

Consideration  the  observations  made  on  the  hydrogen-uranium .r 
action  and  the  three  steps  by  which  the  over-all  process  is^. as silmed  to 
proceed  (see  page  30  of  this  thesis)  indicate  that  the  first  step  is  most 
likely  purely  physical  adsorption  and  proceeds  very  rapidly.  Tfe^second 
or  activating  step  is  the  slow  step  while  the  third  step  is  very  rapid. 
Thus  the  over-all  rate  of  interaction  between  uranium  and  hydrogen  is 
cor: oiled  by  the  rate  at  which  the  activated  complexes  are  formed. 

Since  it  has  been  shown  in  a  previous  discussion  in  this  thesis  that  the 
rate  of  diffusion  of  the  different  hydrogen  molecular  species  into  the 
metal  has  little  influence  upon  the  rates  at  which  reactions  occur,  the 
observed  differences  in  the  rates  are  probably  due  mainly  to  the  d^iffer- 
ence  in  the  zero  point  energies  of  the  hydrogen  molecules . 


LITERATUIffi  CITED 


1.  L.  N.  Ridenour  and  C.  Lampson,  Rev.  Sei.  Instr .  8,  162-164  (1937). 

2.  E.  G.  Marbapj,  Ghem.  Eng.  News  27  .  2198-2201  (1949). 

3o  A.  0.  Nier,  M.  G.  Ingrahni.  G,  Stevens  and  B.  Rustad ,  A  Mass  Spectro¬ 
meter  for  Routine  Hydrogen  Isotope  Analyses p  Declassified  Manhattan 
Project  Report  MDDG-197.  (Declassified  July  26,  1946). 

4.  W.  Bleakney,  Phvs.  Rev.  ^1,  32-38  (1932). 

5.  H.  Bequerel,  Gompt.  rend .  122.  420-423  (1896). 

6.  B.  B.  Boltwcodp  M.  J.  S^.  IV,  537-538  (1906). 

7.  Am.  J,  IV,  24,  370-372  (1907) 

8.  D.  W.  7illson,  A.  0«  Nier  and  S,  P.  Reimann,  Preparation  and  Measure¬ 
ment  of  Isotopic  Tracers,  (J .  W.  Edwards  Inc,,  1946),  p.  11. 

9.  J.  J.  Thompson,  Rays  of  Positive  Electricity  and  Their  Application 
to  Ghemical  Analyses  (Longmans,  Green  and  Go.,  1913). 

10.  F.  H,  Spedding,  A.  S,  Newton,  J.  G.  Warf,  0.  Johnson,  R.  W.  Nottorf, 
I.  B.  Johns  and  A,  H,  Daane,  Nucleonics  4>  4-15  (1949). 

11.  So  Clas stone,  Textbook  of  Physical  Ghemistry,  (D.  Van  Nostrand  and 
Go.,  1940),  p.  155. 

12.  B.  A.  Rogers  and  P.  Ghiotti,  The  Production  of  Uranium  and  Thorium 
in  Powdered  Form,  ISG-31.  Ames  Laboratory  of  the  Atomic  Energy 
Commission,  (Dec.  23,  1948). 

13.  E.  B.  Maxsted  and  G.  H.  Moon,  J.  Ghem.  Soc.  1936.  1542-1546  (1936). 

14.  T.  Seller,  S,  Goldwasser  and  R,  A.  Beebe,  J,  Am.  Ghem.  Soc. 

1703-1706  (1936),  .  “ 

15.  J.  W.  McBain,  Z.  phvsik.  Ghem.  471-497  (1909) 

16.  S.  Brunauer,  The  Adsorption  of  Gases  and- Vapors,  Vol,  I,  Physical 
Adsorption  (Princeton  University  Press,  1942),  p,  8. 

17.  F.  Durau  and  C«  H.  Teckentrup,  Ann.  Phvsik  12.  297-935  (1932), 

18.  A.  F.  Benton  and  T.  A.  White,  J.  M.  Ghem.  Soc.  1373-1390  (1932). 

19. -  H.  S.  Taylor  and  P.  V,  McKinney,  J.  Ghem.  Soc.  33,  3604-3624 

(1931). 

20 „  H.  S.  Taylor,  J.  to.  Ghem.  Soc.  33 ,  578-597  (1931). 


MiD  OF  DOCTOiSNT 


